Abstract: Metal-dioxygen adducts are key intermediates detected in the catalytic cycles of dioxygen activation by metalloenzymes and biomimetic compounds. In this study, mononuclear cobalt(III)-peroxo complexes bearing tetraazamacrocyclic ligands, (6) Å, respectively. The cobalt(III)-peroxo complexes showed reactivities in the oxidation of aldehydes and O 2 -transfer reactions. In the aldehyde oxidation reactions, the nucleophilic reactivity of the cobalt-peroxo complexes was significantly dependent on the ring size of the macrocyclic ligands, with the reactivity of [Co(13-TMC)(O 2 )] + > [Co(12-TMC)(O 2 )] + . In the O 2 -transfer reactions, the cobalt(III)-peroxo complexes transferred the bound peroxo group to a manganese(II) complex, affording the corresponding cobalt(II) and manganese(III)-peroxo complexes. The reactivity of the cobalt-peroxo complexes in O 2 -transfer was also significantly dependent on the ring size of tetraazamacrocycles, and the reactivity order in the O 2 -transfer reactions was the same as that observed in the aldehyde oxidation reactions.
Introduction
Mononuclear metal-dioxygen adducts, M-O 2 , are generated as key intermediates in the catalytic cycles of dioxygen activation by metalloenzymes, including heme and nonheme iron and copper enzymes.
1 As chemical models of the enzymes, a number of metal-O 2 complexes have been synthesized and characterized with various spectroscopic techniques and X-ray crystallography, and their reactivities have been extensively investigatedinelectrophilicandnucleophilicoxidationreactions. [2] [3] [4] [5] [6] For example, heme and nonheme iron(III)-O 2 complexes were synthesized as chemical models of Cytochrome P450 aromatases and Rieske dioxygenases, respectively, and have shown reactivities in nucleophilic reactions such as aldehyde deformylation. 4 Mononuclear Cu-O 2 complexes have been synthesized as chemical models of copper-containing enzymes, such as peptidylglycine R-hydroxylating monooxygenase (PHM) and dopamine -monooxygenase (D M), 5 and their reactivities have been investigated in electrophilic reactions.
oxidants in the oxidation of organic substrates. 8 As a result, structural and spectroscopic characterization of the cobalt-O 2 complexes has been well established in the 1970s. The structural analysis of the cobalt-O 2 complexes by X-ray crystallography revealed that the O 2 group in the intermediates has superoxo character with an end-on (η  1 ) 10d The oxidation of organic substrates, such as phenols and olefins, by Co(II) Schiff base complexes has also been extensively investigated under aerobic, catalytic conditions. 8, 11 In the oxidation reactions, end-on cobalt(III)-superoxo complexes, Co(III)-(O 2 -), have been proposed as active oxidants that abstract a hydrogen atom (H-atom) from weak O-H or C-H bonds of substrates.
11
Very recently, we reported the crystal structure and spectroscopic properties of a mononuclear side-on nickel(III)-peroxo complex bearing a macrocyclic ligand, [Ni(12-TMC)(O 2 )] + (12-TMC ) 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclododecane), and an O 2 -transfer reaction of the intermediate (i.e., intermolecular O 2 -transfer reaction). 12a In that study, we demonstrated that the geometric and electronic structures and reactivities of the Ni-O 2 complexes are markedly affected by supporting ligands, 12 as shown in the chemistry of mononuclear Cu-O 2 complexes. 13 Crystal structures of other metal-O 2 complexes bearing tetraazamacrocyclic ligands, such as [Mn(14-TM-C)(O 2 )] + (14-TMC ) 1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane), [Mn(13-TMC)(O 2 )] + (13-TMC ) 1,4,7,10-tetramethyl-1,4,7,10-tetraazacyclotridecane), and [Cr(14-TMC)(O 2 )(Cl)] + , have also been reported along with their reactivities in aldehyde deformation and C-H bond activation reactions.
14, 15 Herein we report the synthesis, structural and spectroscopic characterization, and reactivities of side-on cobalt(III)-peroxo complexes bearing tetraazamacrocyclic ligands, [Co(12-TMC)(O 2 )] + (2) and [Co(13-TMC)(O 2 )] + (4). 16 We have also shown that reactivities of metal-peroxo intermediates in O 2 -transfer and oxidative nucleophilic reactions are markedly affected by the central metal ions and the ring size of the macrocyclic ligands. Figure 1 and Supporting Information (SI), Figure S1 , and selected bond distances and angles are listed in Table 1 and Table S1 in the Supporting Information (SI). Complex 1 has a five-coordinate cobalt(II) ion with four nitrogens of the macrocyclic 12-TMC ligand in equatorial positions and one nitrogen of CH 3 CN in an axial position (SI, Figure S1a ), as found in a nickel(II) analog, [Ni(12-TMC)(CH 3 CN)] 2+ . 12a Complex 3 has a coordination geometry similar to that of 1 (SI, Figure S1b ). The average Co-N equatorial bond distance of 3 (2.068 Å) is longer than that of 1 (1.988 Å), but the Co-N axial bond distance of 3 (2.015 Å) is slightly shorter than that of 1 (2.036 Å).
Results and Discussion

Synthesis of Co
The X-ray structures of 2 and 4 revealed a mononuclear sideon cobalt-O 2 complex in a distorted octahedral geometry arising from the triangular CoO 2 moiety with a small bite angle of 45.36(5)°for 2 and 45.16(12)°for 4 (Figure 1) 
Co K-Edge X-ray Absorption and EXAFS.
The normalized Co K-edge X-ray absorption data for 2 and 4 are presented in SI, Figure S2 . The inset shows the pre-edge transition, which is the result of an electric dipole forbidden, quadrupole allowed 1sf3d transition. The pre-edge energy position dominantly reflects the ligand-field strength at the absorbing metal center. The pre-edge transition for both 2 and 4 occurs at ∼7710.1 eV. The intense step-function-like feature to higher energy (∼7712 to 7728 eV) is the rising edge, which occurs due to dipole-allowed 1sf4p+continuum transitions. The rising edge inflection energy reflects the charge at the absorbing metal center. This inflection point occurs at ∼7721.0 eV for both 2 and 4, an energy typical for Co(III) systems. 18 The similarity in the pre-edge energy and the rising edge inflection points indicates that 2 and 4 are both Co(III)-O 2 2-complexes. Co K-edge extended X-ray absorption fine structure (EXAFS) data were collected on 2 and 4 to evaluate the geometric structure of the O 2 bound adducts of 1 and 3 in solution and compare them to the crystal structures. The k 3 weighted Co K-edge EXAFS data (SI, Figure S3 , inset), non-phase-shiftcorrected Fourier transform (k ) 2-14 Å -1 ) and the corresponding FEFF fits for 2 and for 4 are shown in SI, Figure S3a and S3b, respectively. Numerical fits are presented in Table S2 . FEFF fits to the data for 2 are consistent with 2 Co-O interactions at 1.85 Å and 4 Co-N interactions at 1.99 Å. The second shell for 2 was fit with 8 Co-C single-scattering and 24 Co-C-N multiple-scattering components from the 12-TMC ligand backbone carbons. FEFF fits to the data for 4 resulted in structural parameters similar to those for 2. The first shell was fit with 2 Co-O contributions at 1.85 Å and 4 Co-N contributions at 2.0 Å. The second shell was fit with 8 Co-C single-scattering and 24 Co-C-N multiple-scattering compo- + (4) with thermal ellipsoids drawn at the 30% probability level. Hydrogen atoms are omitted for clarity. nents from the 13-TMC ligand backbone carbons. The additional carbon atom in the 13-TMC ring is at a longer distance than the rest of the ring carbon atoms and does not contribute to the second shell single and multiple scattering. The similarity in the EXAFS fit parameters for 2 and 4 and the resulting structural parameters demonstrate that the solution structure of both 2 and 4 are in agreement with the crystal structure and both the species are mononuclear species with O 2 bound in a side-on (η 2 ) fashion to the Co center.
Spectroscopic Characterization. 2.2.3.1. [Co(12-TM-C)(O 2 )]
+ (2). The electronic spectrum of 2 shows distinct absorption bands at 350 (ε ) 450 M -1 cm -1 ) and 560 nm (ε ) 180 M -1 cm -1 ) and shoulders at ∼500 (ε ) 150 M -1 cm -1 ) and ∼710 nm (ε ) 90 M -1 cm 
. 19 In addition, we have observed a good correlation between the O-O stretching frequency and the O-O bond length in 2 (Figure 3 ).
17
The X-band EPR spectrum of the starting complex, [Co(12-TMC)(CH 3 CN)] 2+ (1), at 4.3 K contains features at g ⊥ ) 2.31 and g | ≈ 2.07, which are typical for a low-spin (S ) 1/2) cobalt(II) complex (SI, Figure S5 ). The EPR spectrum of 2 is silent at 4.3 K (SI, Figure S5 ), suggesting that 2 is either a lowspin (S ) 0) or an integer spin (S ) 1, 2) cobalt(III) d 6 species. The 1 H NMR and COSY spectra of 2 recorded in d 3 -acetonitrile at -40°C show sharp features in the 0-10 ppm region (SI, Figure S6 ), indicating that 2 is, in fact, a low-spin (S ) 0) cobalt(III) d 6 species at -40°C.
[Co(13-TMC)(O 2 )]
+ (4). Spectroscopic properties of 4 are similar to those of 2. The electronic spectrum of 4 shows distinct absorption bands at 348 (ε ) 620 M -1 cm -1 ) and 562 nm (ε ) 210 M -1 cm -1 ) and shoulders at ∼500 (ε ) 170 M The resonance Raman spectrum of 4, obtained upon 442-nm excitation in CD 3 CN at 0°C, exhibits two isotopically sensitive bands at 902 and 542 cm -1 that shift to 846 and 520 cm -1 , respectively, in samples of 4 prepared with H 2 18 O 2 in CH 3 CN (Figure 4c and SI, Figure S7) (Figure 3 ).
17
The X-band EPR spectrum of [Co(13-TMC)(CH 3 CN)] 2+ (3) at 4.3 K contains features at g ⊥ ) 2.31 and g | ≈ 2.07, which are typical for a low-spin (S ) 1/2) cobalt(II) species (SI, Figure  S8 ). Complex 4 is EPR silent (X-band, 4.3 K) and exhibits a sharp 1 H NMR spectrum in the 0-10 ppm region (data not shown), indicating that 4 is a low-spin (S ) 0) cobalt(III) d 6 species. Taken together, the spectroscopic data with the structural characterization demonstrate that 2 and 4 are lowspin (S ) 0) cobalt(III + , obtained from the crystal structures of 2 and 4. The relevant bond distances are presented in SI, Table  S3 . The calculated Co-O, O-O, and average Co-N distances of 1.88, 1.44, and ∼2.03 Å, respectively, are in close agreement with the data obtained from X-ray crystallography and Co K-edge EXAFS results for 2. The DFT optimized structure of 4 is qualitatively similar to that of 2, although there is a larger spread in the Co-N distances (see SI, Table S3 ). This is consistent with the slight decrease in the first shell intensity of the Fourier transform in 4 relative to 2 (see SI, Figure S3 for Reactions. The reactivity of the cobalt(III)-peroxo complexes was investigated in electrophilic and nucleophilic reactions. First, the electrophilic character of 2 and 4 was tested in the oxidation of thioanisole and cyclohexene. Upon addition of substrates to a solution of 2 and 4 in CH 3 CN at 25°C, the intermediate remained intact without showing any absorption spectral change, and product analysis of the reaction solutions revealed that no oxygenated products were formed. These results demonstrate that the Co(III)-peroxo complexes are not capable of conducting electrophilic oxidation with the substrates under the reaction conditions.
The nucleophilic character of 4 was then investigated in aldehyde deformylation, with precedents that metal(III)-peroxo complexes with heme and nonheme ligands react with aldehydes to give corresponding deformylated products. 4,12a,14 Upon reacting 4 with cyclohexanecarboxaldehyde (CCA) in CH 3 CN at 25°C, the characteristic UV-vis absorption bands of 4 disappeared with pseudo-first-order decay (Figure 5a) , and product analysis of the reaction solution revealed that cyclohexene (80 ( 10%) was produced in the oxidation of CCA. 12a,14,20 The pseudo-first-order fitting of the kinetic data, monitored at 380 nm, yielded the k obs value of 1.6 × 10 -2 s -1 (Figure 5a ). The pseudo-first-order rate constants increased proportionally with the concentration of CCA, giving a second-order rate constant (k 2 ) of 2.0 × 10 -1 M -1 s -1 (Figure 5b ). Similar results were obtained in the reactions of 2-phenylpropionaldehyde (2-PPA) but with a slower rate (k 2 ) 1.5 × 10 -2 M -1 s -1 at 25°C) (SI, Figure S9 ). The product analysis of the resulting solution revealed the formation of acetophenone (90 ( 10%). Activation parameters for the aldehyde deformylation of 4 between 278 and 308 K were determined to be ∆H ‡ ) 64 kJ mol -1 and ∆S ‡ ) -67 J mol -1 K -1 for CCA ( Figure 5c ) and ∆H ‡ ) 62 kJ mol -1 and ∆S ‡ ) -77 J mol -1 K -1 for 2-PPA (SI, Figure  S9 ). Further, the reactivity of 4 was investigated with parasubstituted benzaldehydes, para-X-Ph-CHO (X ) OMe, Me, F, H), to investigate the effect of para-substitutents on the benzaldehyde oxidation process by Co(III)-peroxo species. A Hammett plot of the pseudo-first-order rate constants versus σ p + gave a F value of 1.7 ( Figure S10 ), which is consistent with the nucleophilic character of the Co-peroxo unit in the oxidation of aldehydes. 12a Finally, it is of interest to note that the reactivity of 2 is much lower than that of 4 in nucleophilic reactions; therefore, we were not able to obtain kinetic data for 2 under the reaction conditions. The latter result implies that the nucleophilic character of the peroxo ligand is influenced markedly by the ring size of tetraazamacrocyclic ligands (i.e., [Co(13-TMC) ( + , is capable of transferring the peroxo group to a manganese(II) complex, thus affording the corresponding nickel(II) and manganese(III)-peroxo complexes (eq 1). 12a We therefore Figure 6a ). 14a The intermolecular O 2 -transfer from 2 to [Mn(14-TMC)] 2+ was further confirmed by ESI-MS analysis of the reaction solution at different times, where the mass peak at m/z 319.1 corresponding to 2 disappeared with a concomitant appearance of the mass peak at m/z 343.2 corresponding to 5 (Figure 6b) . Further, when the O 2 -transfer reaction was carried out under an 18 O 2 atmosphere, the product 5 did not contain the isotopically labeled 18 O 2 group, demonstrating that molecular oxygen was not involved in the O 2 -transfer reaction. Furthermore, we found that the reverse reaction, which is the peroxo ligand transfer from 5 to 2 or 4, does not occur.
Kinetic studies of the O 2 -transfer from 2 to [Mn(14-TMC)]
2+
were carried out in acetone at 0°C (SI, Figure S11a) 2+ was fast at 0°C, reactions were carried out in acetone at -30°C. Pseudo-first-order fitting of the kinetic data yielded a k obs value of 1.2 × 10 -2 s -1 (SI, Figure S11b) . A plot of k obs against the concentration of 4 gave a linear line, affording a second-order rate constant of k 2 ) 1.3 M -1 s -1 at -30°C (Figure 7a , blue line). Activation parameters for the O 2 -transfer from 4 to [Mn(14-TMC)]
2+ were determined to be ∆H ‡ ) 51 kJ mol -1 and ∆S ‡ ) -71 J mol -1 K -1 , by plotting first-order rate constants determined at different temperatures against 1/T (Figure 7b , blue line). It is worth noting that the enthalpy value of 51 kJ mol -1 for 4 is much smaller than that (∆H ‡ ) 65 kJ mol -1 ) for 2 and that the difference of ∆∆G between complexes 2 and 4 is ∼12 kJ mol -1 . Consequently, as the ring size of macrocyclic ligands in the cobalt(III)-peroxo complexes increases from 12-TMC to 13-TMC, the O 2 -transfer reaction is facilitated and the reaction rate is enhanced ∼600-fold (e.g., k 2 ) 1.9 × 10 -4 M -1 s -1 for 2 and k 2 ) 1.2 × 10
. 21 The results indicate that the peroxo group in 4 is more reactive than that in 2 on the attack of Mn(II) ion in the O 2 -transfer reaction. In addition, the reactivity of 4 is slightly lower than that of [Ni III (12-TMC)(O 2 )]
+ is observed in O 2 -transfer reactions.
Conclusions
In 
Experimental Section
Materials. All chemicals obtained from Aldrich Chemical Co. were of the best available purity and used without further purification unless otherwise indicated. Solvents were dried according to published procedures and distilled under Ar prior to use. 22 (in CH Reactivity Studies. All reactions were run in a 1-cm UV cuvette by monitoring the UV-vis spectral changes of the reaction solutions, and rate constants were determined by fitting the changes in absorbance at 562 nm for [Co(13-TMC) ( + (2 mM) was then used in reactivity studies, such as the oxidation of cyclohexanecarboxaldehyde (CCA) and 2-phenylpropionaldehyde (2-PPA) at 25°C. The purity of substrates was checked by GC and GC-MS prior to use. After completion of the reactions, products were analyzed by injecting reaction solutions directly into the GC and GC-MS instruments. Products were identified by comparison with authentic samples, and product yields were determined by comparison against standard curves prepared with authentic samples and using decane as an internal standard.
The O 2 -transfer reactions were carried out by adding appropriate amounts of [Mn(14-TMC)]
2+ to a solution of [Co(12-TMC)(O 2 )]
+
(1 mM) and [Co(13-TMC)(O 2 )] + (1 mM), prepared with isolated cobalt-peroxo complexes in acetone. All reactions were run in a 1-cm UV cuvette by monitoring the UV-vis spectral changes of the reaction solutions, and rate constants were determined by fitting the changes in absorbance at 453 nm. The O 2 -transfer reactions were further confirmed by ESI-MS analysis of the reaction solutions.
Physical Methods. UV-vis spectra were recorded on a HewlettPackard 8453 diode array spectrophotometer equipped with a UNISOKU Scientific Instruments for low-temperature experiments or with a circulating water bath. Electrospray ionization mass spectra were collected on a Thermo Finnigan (San Jose, CA, USA) LCQ@ Advantage MAX quadrupole ion trap instrument, by infusing samples directly into the source using a manual method. The spray voltage was set at 4.2 kV, and the capillary temperature at 80°C. Resonance Raman spectra were obtained using a liquid nitrogen cooled CCD detector (CCD-1024 × 256-OPEN-1LS, HORIBA Jobin Yvon) attached to a 1-m single polychromator (MC-100DG, Ritsu Oyo Kogaku) with a 1200 grooves/mm holographic grating. An excitation wavelength of 441.6 nm was provided by a He-Cd laser (Kimmon Koha, IK5651R-G and KR1801C), with 15 mW of power at the sample point. All measurements were carried out with a spinning cell (1000 rpm) at 0°C. Raman shifts were calibrated with indene, and the accuracy of the peak positions of the Raman bands was (1 cm -1
. EPR spectra were taken at 4 K using a X-band Bruker EMX-plus spectrometer equipped with a dual mode cavity (ER 4116DM). Low temperatures were achieved and controlled with an Oxford Instruments ESR900 liquid He quartz cryostat with an Oxford Instruments ITC503 temperature and gas flow controller. EPR spectra were obtained on a JEOL JES-FA200 spectrometer. , where f is the oscillator frequency (MHz) of the superconducting spectrometer, T is the absolute temperature, M is the molar concentration of the metal ion, and ∆V is the difference in frequency (Hz) between the two reference signals.
24c Crystallographic analysis was conducted with a SMART APEX CCD equipped with a Mo X-ray tube at the Crystallographic Laboratory of Ewha Womans University.
X-ray Crystallography. Single crystals of 1-(ClO 4 ) 2 , 2-(BPh 4 ) · CH 3 CN, 3-(ClO 4 ) 2 , and 4-(ClO 4 ) · CH 3 CN were picked from solutions by a nylon loop (Hampton Research Co.) on a handmade cooper plate mounted inside a liquid N 2 Dewar vessel at ca. -40°C and mounted on a goniometer head in a N 2 cryostream. Data collections were carried out on a Bruker SMART AXS diffractometer equipped with a monochromator in the Mo KR (λ ) 0.710 73 Å) incident beam. The CCD data were integrated and scaled using the Bruker-SAINT software package, and the structure was solved and refined using SHEXTL V 6.12. Table 2, and Tables 1 and S1 X-ray Absorption Spectroscopy. The Co K-edge X-ray absorption spectra of 2 and 4 were measured at the Stanford Synchrotron Radiation Laboratory (SSRL) on the focused 16-pole 2.0 T wiggler beamline 9-3 under standard ring conditions of 3 GeV and 80-100 mA. A Si(220) double crystal monochromator was used for energy selection. A Rh-coated harmonic rejection mirror and a cylindrical Rh-coated bent focusing mirror were used. The solution samples for 2 and 4 (5 mM in Co and ∼120 µL) were transferred into 2-mm delrin XAS cells with 37-µm Kapton tape windows at -20°C. The samples were immediately frozen after preparation and stored under liquid N 2 . During data collection, the samples were maintained at a constant temperature of ∼10-15 K using an Oxford Instruments CF 1208 liquid helium cryostat. Data were measured to k ) 14 Å -1 in fluorescence mode by using a Canberra Ge 30-element array detector. Internal energy calibration was accomplished by simultaneous measurement of the absorption of a Co-foil placed between two ionization chambers situated after the sample. The first inflection point of the foil spectrum was fixed at 7709.5 eV. Data presented here are 8-scan average spectra for both 2 and 4, which were processed by fitting a second-order polynomial to the pre-edge region and subtracting this from the entire spectrum as background. A four-region spline of orders 2, 3, 3, and 3 was used to model the smoothly decaying post-edge region. The data were normalized by subtracting the cubic spline and assigning the edge jump to 1.0 at 7725 eV using the Pyspline program. 26 Theoretical EXAFS signals (k) were calculated by using FEFF (macintosh version 8.4) [27] [28] [29] and the crystal structures of 2 and 4.
The theoretical models were fit to the data using EXAFSPAK. 30 The structural parameters that varied during the fitting process were the bond distance (R) and the bond variance σ 2 , which is related to the Debye-Waller factor resulting from thermal motion, and the static disorder of the absorbing and scattering atoms. The nonstructural parameter E 0 (the energy at which k ) 0) was also allowed to vary but was restricted to a common value for every component in a given fit. Coordination numbers were systematically varied in the course of the fit but were fixed within a given fit.
Electronic Structure Calculations. Gradient-corrected, (GGA) spin-unrestricted, broken-symmetry, density functional calculations were carried out using the ORCA 31,32 package on an 8-CPU linux cluster. The Becke88 33, 34 exchange and Perdew86 35 correlation nonlocal functionals were employed to compare the geometric and electronic structure differences between 2 and 4. The coordinates obtained from the crystal structure of 2 and 4 were used as the starting input structure. The core properties basis set CP(PPP) 32, 36 (as implemented in ORCA) was used on Co, and the Ahlrichs' all electron triple-TZVP 37,38 basis set was used on all other atoms. The calculations were performed in a dielectric continuum using the conductor-like screening model (COSMO). Acetonitrile was chosen as the dielectric material. Population analyses were performed by means of Mulliken Population Analysis (MPA). Compositions of molecular orbitals and overlap populations between molecular fragments were calculated using QMForge. for 1-(ClO 4 ) 2 , 2-(BPh 4 ) · CH 3 CN, 3-(ClO 4 ) 2 , and 4- Supporting Information Available: Non-phase-shift-corrected Fourier transform data, their corresponding EXAFS data, and FEFF best fit parameters for 2 and 4. X-ray crystal structures of 1 and 3, resonance Raman data of 2 and 4, EPR data of 1-4, COSY NMR spectrum of 2, kinetic data of the reactions of 4 with 2-PPA and para-X-Ph-CHO, UV-vis spectral changes of the O 2 -transfer reactions of 2 and 4, and X-ray crystallographic files of 1-4 in CIF format. This material is available free of charge via the Internet at http://pubs.acs.org. JA107177M
